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Abstract 34 
Transcranial Magnetic Stimulation (TMS) of the motor cortex shows that hand Action 35 
Observation (AO) modulates Corticospinal Excitability (CSE). CSE modulation alternatively 36 
maps low-level kinematic characteristics or higher-level features, like object-directed action 37 
goals. However, action execution is achieved through the control of muscle synergies, 38 
consisting of coordinated patterns of muscular activity during natural movements, rather 39 
than single muscles or object-directed goals. This synergistic organization of action 40 
execution also underlies the ability to produce the same functional output (i.e. grasping an 41 
object) using different effectors. We hypothesize that motor system activation during AO 42 
may rely on similar principles. In order to investigate this issue, we recorded both hand 43 
CSE and TMS-evoked finger movements which provide a much more complete description 44 
of coordinated patterns of muscular activity. Subjects passively watched hand, mouth and 45 
eyelid opening or closing, which are performing non object-directed (intransitive) actions. 46 
Hand and mouth share the same potential to grasp objects, whereas eyelid does not allow 47 
object-directed (transitive) actions. Hand CSE modulation generalized to all effectors, 48 
while TMS-evoked finger movements only to mouth AO. Such dissociation suggests that 49 
the two techniques may have different sensitivities to fine motor modulations induced by 50 
AO. Differently from evoked movements, which are sensitive to the possibility to achieve 51 
object-directed action, CSE is generically modulated by “opening” versus “closing” 52 
movements, independently of which effector was observed. We propose that motor 53 
activities during AO might exploit the same synergistic mechanisms shown for the neural 54 
control of movement and organized around a limited set of motor primitives. 55 
  56 
  
Introduction 57 
Action Observation (AO) induces Corticospinal Excitability (CSE) modulations (Fadiga et 58 
al. 1995; Fadiga et al. 2005) similar to those of action production. CSE is modulated by 59 
low-level kinematic features of the observed action (i.e. finger aperture during reach-to-60 
grasp actions; Gangitano et al. 2001), as well as the amplitude of muscle activities and 61 
forces applied when lifting objects of different weights (Alaerts et al. 2009; Senot et al. 62 
2011). Indeed, CSE modulations were shown to closely match the pattern of muscle 63 
activities in the observed action, in terms of both muscle somatotopy and temporal 64 
evolution of such activities (Borroni et al. 2005). Moreover, besides these low-level 65 
movement descriptors, CSE is also modulated for higher-level features, like object-66 
directed action goals. This mechanism was shown for grasping AO with pliers dissociating 67 
goals and movements (Cattaneo et al. 2009; but see Cavallo et al. 2012 and Cattaneo et 68 
al. 2013). Analogously, bilateral hand CSE is modulated during one-hand AO (Borroni et 69 
al. 2008) and by object-directed actions performed by different body parts (Senna et al. 70 
2014). These latter studies demonstrate that CSE modulations may be independent from 71 
the kinematic features and muscle activities in the observed action. 72 
Therefore, the use of CSE to investigate the motor activities during AO yielded some 73 
contrasting results. Thus, it is not clear whether CSE maps the low-level motor 74 
implementation details of the observed action or rather higher-level features of actions, 75 
such as the grasping of a specific object, regardless of how that goal is achieved. Based 76 
on these inconsistent data, it has been proposed that different features could alternatively 77 
be extracted from the observed action, in relation to the task. CSE modulations during AO 78 
could switch between different levels, depending on task constraints and/or prior 79 
knowledge provided to the subject (Mc Cabe et al. 2014).  80 
Alternatively, we propose these conflicting results to come from both a methodological and 81 
a theoretical issue. From a methodological standpoint, most of the studies measure CSE 82 
  
from a few muscles (Naish, et al., 2014), thus displaying only a small fraction of the 83 
ongoing motor activities during AO. Hand action emerges from the composition of several 84 
intrinsic hand and forearm muscle activities (Santello et al. 2013) and activity in one 85 
muscle is hardly sufficient to distinguish two goal-directed actions. Rather, the complexity 86 
of these effects is better characterized by exploring Transcranial Magnetic Stimulation 87 
(TMS)-evoked movements (Gentner and Classen 2006; Gentner et al. 2010). Hence, 88 
movements triggered by TMS better reflect the rich pattern of motor activities induced by 89 
AO (Barchiesi and Cattaneo, 2013). Additionally, from a theoretical point of view, motor 90 
and premotor activations during AO should be at least in part similar to those in action 91 
execution. Action execution is centered on the possibility of producing the same functional 92 
output (i.e. grasping an object) by using different effectors, starting from different postures 93 
and targeting objects in different locations (Graziano et al., 2002). If we assume that AO 94 
deals with the same methodological and theoretical constraints than action execution, AO 95 
should reflect functional outputs only through measures capturing the whole complexity of 96 
muscle synergies (D’Ausilio et al., 2015). 97 
In order to test these hypotheses, we measured the output of the corticospinal system 98 
during AO. This was achieved by recording TMS-evoked hand movements (Classen et al. 99 
1998; Gentner and Classen 2006; Gentner et al. 2010; Bartoli et al. 2014). In parallel, we 100 
monitored CSE of the Flexor Digitorum Superficialis (FDS), a muscle fundamentally 101 
recruited in finger flexion. Subjects watched hand, mouth or eyelid performing opening or 102 
closing non-object-oriented actions (intransitive action). Intransitive actions were used to 103 
investigate effector-specific AO modulations, independently of object (goal) presence. 104 
These effectors were selected to test generalization across effectors, as recently 105 
described by Senna and colleagues (2014), with an additional and important difference. 106 
Hand and mouth movements allow object-directed action (transitive action), whereas 107 
  
eyelid movements do not. This is a critical distinction since eyelid movements do not share 108 
the same set of motor primitives with hand and mouth. 109 
We predict dissociation between CSE and TMS-evoked movements, potentially 110 
accounting for some of the previously reported inconsistent results. Furthermore, we 111 
expect that CSE might not be able to discriminate between effectors during AO, due to the 112 
rather low action-specificity of single-muscle CSE. On the other hand, TMS-evoked 113 
movements could show reduced generalization, limited to the transitive effectors (hand 114 
and mouth, not the eyelid action). This latter finding might result from the greater efficacy 115 
by which TMS-evoked movements describe motor output synergies. In this sense, and in 116 
agreement with the synergistic organization of action execution, we postulate that 117 
observation of effectors enabling object-directed action activate a shared set of motor 118 
primitives. 119 
 120 
Material and methods  121 
Subjects 122 
A total of 35 healthy subjects (20 males, aged 24.47 ± 3.80 years) participated in this 123 
study. The participants were randomly assigned to two experimental groups, one of them 124 
composed by 18 subjects (10 males, aged 24.36 ± 3.02 years) and the second of 17 125 
subjects (10 males, aged 24.48 ± 4.52 years). Due to technical problems during data 126 
acquisitions, we had to exclude one subject of the first group from the analysis of 127 
kinematic data and 4 participants of the second group from the analyses of CSE. Thus, the 128 
following evaluations were carried out on data obtained on 31 subjects for CSE measure 129 
(18 subjects from the first group, 10 males and 13 subjects from the second group, 7 130 
males) and 30 subjects for the kinematic one (17 subjects from the first group, 10 males 131 
and 13 subjects from the second group, 7 males). All subjects, naive to the purpose of the 132 
study, gave informed, written consent for participation in the study, according to the 133 
  
Declaration of Helsinki of 1975, as revised in 1983 and the local ethical committee ASL-3 134 
(“Azienda Sanitaria Locale”, Local Health Unit) Genoa, and they received an attendance 135 
fee at the end of the experiment. All had normal or corrected-to-normal vision and were 136 
right-handed, as assessed by an adapted Italian version of the Edinburgh handedness 137 
inventory (Oldfield, 1971). None of the subjects had contraindications to TMS. 138 
 139 
Stimuli 140 
The experimental stimuli consisted in short video clips, each of 3000 ms duration. The 141 
videos showed a female actor who executed opening or closing actions performed by the 142 
hand, mouth or eyelid (6 different video clips). The effectors were always presented in a 143 
lateral view (Figure 1b). The stimuli were recorded using a camera Legria HF (Canon 144 
Inc.,Tokyo, Japan) and edited with Adobe After Effects (CS5 version). Stimuli dimensions 145 
were 720 x 576 pixels and they were displayed in the center of a 17-inch computer screen 146 
through E-Prime Software (Psychology Software Tools, Inc., USA, v2.0.8.22). In addition 147 
to these experimental stimuli, other unrelated video clip fillers were introduced in the 148 
baseline recordings. These movies were extracted from a nature documentary and thus 149 
showed animals and environmental events such as clouds, rivers, etc. In all cases we 150 
included no stimulus showing or implying grasp-related actions, and no animals with 151 
human-like hands (i.e. penguins, dolphins, birds). 152 
 153 
------------ 154 
FIGURE 1 155 
------------ 156 
 157 
Procedure 158 
  
Subjects were seated in a comfortable chair with their right forearm resting on a molded 159 
arm rest. They were instructed to keep their hands still and as relaxed as possible with the 160 
wrist flexed and the fingers pointed toward the floor but entirely unconstrained. We first set 161 
up the devices for the Electromyography (EMG) and for the movement acceleration 162 
recording, then we proceeded to the muscle hotspot location and resting motor threshold 163 
(rMT) definition. The experiment consisted of a baseline recording (B1), followed by the 164 
experimental session (EXP) and then again another baseline block (B2) (Figure 1a). Both 165 
baselines included 20 trials during which subjects observed nature-related stimuli. For 166 
each trial, Motor Evoked Potentials (MEPs) from the target muscle and the acceleration of 167 
the target finger movements evoked by the same TMS pulse were evaluated at B1, B2 and 168 
during EXP. 169 
The EXP sessions differed between the two experiments. In experiment 1, subjects were 170 
presented with Hand video clips and Mouth video clips. In experiment 2, subjects were 171 
presented with Hand video clips and Eyelid video clips. Although we were fully aware that 172 
a better design should include all the three effectors in the same session, we decided to 173 
split the recording into two experiments (groups) to avoid possible confounding carry-over 174 
effects and to reduce fatigue in the subjects. 175 
Therefore, in each experimental setting, we presented 4 video clips, showing the closing or 176 
opening of the Homologue effector (Hand) and of a Different effector (experiment 1: 177 
Mouth; experiment 2: Eyelid) (Figure 1b). The order of video clips appearance was 178 
random. In both experiments 20 repetitions for each of the 4 video clips were shown, thus 179 
leading to a total of 80 trials. Five trials without TMS pulse were randomly presented in 180 
each condition, thus leading to 60 TMS trials out of total 80.  181 
TMS was delivered before the end of the movement, at 90% of the whole duration of the 182 
movement. Movement length in all three video clips was the same. Subjects were 183 
requested to carefully observe the video clips, then, in 9% of trials randomly distributed for 184 
  
the whole duration of the task, they were asked to answer if the last presented video was 185 
the same as of the previous one, in terms of observed effector and type of movement. To 186 
avoid any contaminations between our measurements and this control task, the answers 187 
had to be given pressing one of the two buttons on a response pad by their left hand. No 188 
time-out for the response was assigned and no TMS pulses were administered during 189 
these trials. The task was devised to keep high level of attention throughout the 190 
experiment. 191 
 192 
TMS and EMG 193 
TMS was delivered through a figure-eight coil (70 mm) and a Magstim Rapid stimulator 194 
(Magstim Co., Whitland, UK). For each subject, the left primary motor cortex was first 195 
functionally localized by means of visual inspection of MEPs recorded through EMG on the 196 
right arm from the FDS muscle (Figure 2a). We determined the optimal position for 197 
activation of the right FDS muscle (i.e. the scalp position from which maximal amplitude 198 
MEPs were elicited) by moving the coil in 0.5 cm steps around the presumed motor hand 199 
area by using a slightly supra-threshold stimulus. The optimal position of the coil was then 200 
marked on a cap placed on the scalp to ensure the correct coil placement through the 201 
experiment. The FDS has been chosen because it is necessary for hand closing 202 
movement. EMG was recorded through a wireless EMG system (Zerowire EMG, Aurion, 203 
Italy) with a tendon-belly montage. EMG signals were sampled at 2 kHz, filtered and 204 
digitized with a data acquisition interface (Power1401, Cambridge Electronics Designs, 205 
UK) and data were displayed and stored for offline analysis using the Signal software 206 
version 4. A pre-stimulus recording of 300 ms was acquired in order to check for the 207 
presence of EMG activity before TMS pulse. Trials with EMG background activity were 208 
excluded from the analysis. EMG data were collected for 1000 ms after the TMS pulse. 209 
The TMS coil was held tangentially to the scalp with the handle pointing backward and 210 
  
laterally to form a 45° angle with the midline and it was fastened to an articulated 211 
mechanical arm held by a heavy tripod. The resting motor threshold (rMT) was established 212 
as the lowest stimulation intensity capable of evoking at least 5 MEPs out of 10 213 
consecutive pulses with 50 µV peak-to-peak amplitude (Rossini et al. 1994). During the 214 
experiment, single pulse TMS was applied to the identified hotspot, with an intensity of 215 
stimulation corresponding to 130% of the resting motor threshold. TMS was triggered 216 
through the parallel port. 217 
 218 
Accelerometer 219 
Beside the measurement of the MEPs, for each trial the movements of the right index 220 
finger evoked by the TMS pulse were considered. This movement was recorded by means 221 
of a custom-made 3-dimensional accelerometer fixed over the distal index phalanx. The 222 
muscle twitch induced by TMS is typically characterized by short excursions and large 223 
acceleration peaks, and for such a reason it is critical that the measuring device does not 224 
interfere. In order to reduce this problem, our departmental electronic lab developed a 225 
small (8 x 8 x 1 mm) and very light (<20 grams) high precision device (Figure 2a). This 226 
strategy allowed to return accelerometric analog data for the three separate axes that are 227 
fed to the A/D board (Power1401) and acquired in parallel with the EMG data, at the same 228 
sampling frequency. 229 
Our hand action observation task contemplated the presentation of videos of opening and 230 
closing of the index and thumb. For this reason, recording index finger 3-axis accelerations 231 
capture the critical movement feature required for this study (i.e. Classen et al., 1998). 232 
Although techniques for whole hand kinematics tracking have been employed in the past 233 
(Gentner and Classen, 2006; Bartoli et al., 2014), in this case accelerometers offer some 234 
critical advantages. One of them is the simplicity of use and the little amount of 235 
preprocessing and data analyses needed. Conversely, whole hand motion capture 236 
  
requires either the selection of few specific movement features (Bartoli et al., 2014) or the 237 
use of complex dimensionality reduction techniques (Gentner and Classen 2006). 238 
 239 
Data analysis 240 
MEPs pre-analyses 241 
EMG data were analyzed via a custom-made Matlab script. The script enabled trial-by-trial 242 
visual verification of pre-TMS activity. Trials with EMG pre-activation (background EMG 243 
>0.05 mV) were excluded from the analyses. After that, we extracted peak-to-peak 244 
amplitude data (expressed in mV) for all trials, in a temporal window ranging from 15 to 35 245 
ms after TMS delivery. MEPs exceeding 2 standard deviations (SD) from the mean peak-246 
to-peak amplitude, at the single subject level, were excluded from the data set. The 247 
remaining MEPs (97.22 %, SD=6.18% for experiment 1, and 96.15%, SD=1.5% for 248 
experiment 2) were then averaged for every experimental condition separately for each 249 
subject and used for further analysis. CSE measures were normalized by dividing MEPs 250 
data, in all the conditions, by the average baseline CSE (both B1 and B2), separately for 251 
each subject. 252 
 253 
TMS-evoked movements pre-analyses 254 
The accelerometer outputs continuous data in the form of voltage changes over time for 255 
each of the 3 axes. Data are later converted to g-forces values after calibration and filtered 256 
with a low-pass set at 25 Hz. The accelerometer was fixed on the index nail with the Z-257 
component normal to the nail, the Y-component along the phalanx axis and the X-258 
component on the transversal plane (Figure 2a). Z-component was then sensitive to finger 259 
opening/closing movement whereas the X-component to abduction/adduction. The 260 
acceleration modulus was first computed for a 200 ms window starting from TMS delivery. 261 
We then calculated the acceleration onset as the time when 5% of the peak acceleration 262 
  
was detected. Trials were included in the analyses if peak acceleration appeared between 263 
15 and 55 ms after the TMS pulse and amplitude reached at least 0.05 g (mean remaining 264 
trials: 96.56 ± 0.90% for experiment 1, and 95.38 ± 1.26% for experiment 2). X, Y and Z 265 
components values at peak acceleration were then extracted for the successive analyses. 266 
It is important to note that TMS-evoked movements likely reflect muscle activity that last 267 
longer than MEPs. Indeed, there may be other reflexes or descending systems 268 
contributing to the TMS-evoked movements, whereas MEPs assess only the first 269 
corticospinal descending volley. In light of this, it is critical to evaluate only the first portion 270 
of a TMS-evoked movement that presumably would be more representative of the initial 271 
descending drive. 272 
Considering that each movement is always computed starting from a static position, the 273 
acceleration represents the direction of the movement so that positive Z values indicate an 274 
opening movement, while a negative Z indicates a closing one (Figure 2b). Movement 275 
direction was the first variable that we considered and it corresponds to the percentage of 276 
closing (evoked) movements. 277 
We then extracted movement deviation data. This second variable refers to the angles of 278 
the movement vector elicited by the TMS (considering both Z and X components). The 279 
angle is then expressed with respect to an ideal, geometrically straight (i.e. without any 280 
lateral deviation, that is with X component equal to 0) opening or closing movement 281 
(Figure 2c). 282 
 283 
------------ 284 
FIGURE 2 285 
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 287 
Statistical analysis 288 
  
Statistical analyses were run separately on MEPs, direction of movement and movement 289 
deviation datasets from the two experimental groups. Repeated Measures Analysis of 290 
Variance (RM-ANOVA) was first used on the data recorded on the two baselines to check 291 
for significant changes within the experiment and between experiments. We employed 2 x 292 
2 RM-ANOVA with a within factor Time (B1, B2) and between factor Experiment 293 
(Experiment 1 and Experiment 2). As dependent variable raw MEPs amplitude, movement 294 
direction and movement deviation data were used. For this last variable, the analysis was 295 
divided into two separate 2 x 2 RM-ANOVAs for opening and closing evoked movements. 296 
Once we verified that no changes in both corticospinal excitability and in TMS evoked 297 
movements occurred within the experiment and across experiments, we moved to a 298 
second step to analyze the AO data. 299 
For MEPs the 2 x 2 x 2 design consisted of within factors Observed Movement (Opening, 300 
Closing) and Observed Effector (Homologue, Different), as well as a between factor 301 
Experiment (1, 2). In this study, our aim was to assess if the modulation of our dependent 302 
variable was due to the observation of an opening versus closing action performed either 303 
by the Homologue (observed and recorded effector are the same) or a Different effector 304 
(the observed effector, mouth or eyelid, is different from the recorded one).  305 
For movement direction we used a RM-ANOVA on the percentage of closing movements 306 
as a dependent variable. The 2 x 2 x 2 design consisted of within factors Observed 307 
Movement (Opening, Closing) and Observed Effector (Homologue, Different), as well as a 308 
between factor Experiment (1, 2). Here we intended to evaluate if the frequency of index 309 
finger opening versus closing was modulated by AO conditions.  310 
For movement deviation data, we separated the design into two separate RM-ANOVAs for 311 
opening and closing evoked movements. The 2 x 2 x 2 design consisted of within factors 312 
Observed Movement (Opening, Closing) and Observed Effector (Homologue, Different) as 313 
well as a between factor Experiment (1, 2). Noteworthy, for this variable, the number of 314 
  
trials could not be determined a priori by our design since it depends on the inter-subjects 315 
variability in evoking opening and closing movements. Considering that each subject may 316 
have a different number of “opening” and “closing” trials, we repeated the same analyses 317 
adding, as a covariate, the number of trials used for each subject in each condition. Our 318 
purpose was to investigate whether AO influences movement deviation, by controlling for 319 
the residual effect of the different number of trials across our conditions. 320 
As a third step, we separated all the designs, on all three dependent variables (MEPs, 321 
movement direction and movement deviation), in Homologue and Different effectors. In 322 
fact, the Homologue effector consisted of a classic hand AO task, common to both 323 
experiments. Hence, we can additionally control for differences across groups, in the 324 
classic hand AO task (Fadiga et al., 1995). In this case, we used a RM-ANOVA with a 325 
within factor Observed Movement (Opening, Closing) and a between factor Experiment (1, 326 
2) on the Homologue effector data. On the other hand, the comparison of the Different 327 
effectors across experiments verifies whether Mouth (transitive effector) or Eyelid 328 
(intransitive effector) stimuli were differently modulating our dependent variables. In this 329 
other case, we used a RM-ANOVA with a within factor Observed Movement (Opening, 330 
Closing) and a between factor Experiment (1, 2) on the Different effector data. Additional 331 
Newman-Keuls post-hoc tests were used when the associated main effect or interaction 332 
was significant (statistical significance threshold: p<0.05). Data was preprocessed in 333 
Matlab (Mathworks, Inc.) and analyzed using R statistical package (http://www.R-334 
project.org). 335 
 336 
RESULTS 337 
Motor evoked potentials 338 
No difference was found between MEP values recorded at B1 (before the experiment) and 339 
B2 (after the experiment) [Time: F(1,29)=1.94, p=n.s.], without any difference between 340 
  
experiment 1 and experiment 2 [Experiments: F(1,29)=0.07, p=n.s., Experiments x Time: 341 
F(1,29)=0.51, p=n.s.]. Consequently, motor excitability during the experiment and between 342 
the groups did not differ significantly.  343 
RM-ANOVA on MEPs collected in the two experiments revealed a main effect of the 344 
observed movement ([Observed Movement: F(1,29)=29.28, p<0.0001)]. Specifically, MEP 345 
amplitude increased when participants observed closing rather than opening actions, 346 
regardless of the displayed effector and the experiments [Observed Effector x Observed 347 
Movement: F(1,29)=1.06, p=n.s.; Observed Effector x Observed Movement x Experiment: 348 
F(1,29)=0.17, p=n.s.; Observed Movement x Experiment; F(1,29)=0.11, p=n.s.]. 349 
Additionally, a main effect of effector was found [Observed Effector: F(1,29)=10.33, 350 
p<0.005], indicating that independently of the observed action [Observed Effector x 351 
Observed Movement: F(1,29)=1.06, p=n.s.], MEP amplitude was greater when mouth or 352 
eyelid rather than hand was displayed (Figure 3). This shows a generally higher 353 
modulation for the different effectors that is not specific to opening and closing, and thus 354 
can be recognized as a general habituation effect. Indeed, subjects wore sensors and 355 
electrodes on their hand, and consequently there was an implicit bias towards that body 356 
location. Spatial orienting of attention to specific body locations is able to affect motor and 357 
somatosensory processing (Carson and Ruddy, 2012). The repeated (random) visual 358 
presentation of actions executed by the hand (for which there was an implicit bias) and the 359 
other effector (experiment 1: mouth, experiment 2: eyelid), might have induced a 360 
differential modulation between the two situations. Larger attenuation of CSE to hand 361 
stimuli can explain the larger modulations for the different effector. 362 
Moreover, considering only those conditions in which the observed movement were 363 
performed by the homologue effector, the same effect of increased MEP amplitude during 364 
closing AO rather than opening AO was detected [Observed Movement: F(1,29)=15.44, 365 
p<0.001], with no differences between the two groups of participants [Observed Movement 366 
  
x Experiment: F(1,29)=0.22, p=n.s.]. Therefore, the subjects in the two experimental 367 
groups, when presented with hand AO showed the same amount of corticospinal 368 
modulation and comparable movement specificity. An analogous result was also found 369 
considering the different effector [Observed Movement: F(1,29)=12.04, p<0.005] in both 370 
the experiments [Observed Movement x Experiment: F(1,29)=0.01, p=n.s.], meaning that 371 
such modulation of MEP amplitude is not influenced if the observed movement is 372 
performed by the mouth (Experiment 1) or by the eyelid (Experiment 2). Such 373 
supplementary analyses confirmed that MEP amplitude recorded at the flexor muscle was 374 
enhanced only when a closing AO was observed, independently of the employed effector. 375 
 376 
------------ 377 
FIGURE 3 378 
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 380 
TMS-evoked movement direction 381 
Closing movements comprised 56.60% (SD=31.24%) of all evoked movements at B1, 382 
66.22% (SD=28.71%) at B2, for experiment 1. Closing movements comprised 66.51% 383 
(SD=34.00%) of all evoked movements at B1, 58.88% (SD=26.99%) at B2, for experiment 384 
2. The remaining evoked movements were the opening ones. Opening and closing 385 
movements were equally distributed during baseline trials [Experiment 1: t(16)=0.87, 386 
p=n.s. at B1 and t(16)=2.33, p=n.s. at B2. Experiment 2: t(12)=1.75, p=n.s at B1 and 387 
t(12)=1.19, p=n.s. at B2].  388 
The same percentage of closing movements among all TMS evoked movements was 389 
present at B1 and B2 [Time: F(1,28)=0.03, p=n.s.] in the two experiments [Experiment: 390 
F(1,28)=0.02, p=n.s.; Experiment x Time: F(1,28)=1.94, p=n.s.]. Consequently, there was 391 
  
no difference in the TMS-evoked movement direction before and after the experiment and 392 
between the two groups.  393 
RM-ANOVA run on the TMS-evoked movement direction in the two experiments for both 394 
homologue and different effector revealed a main effect of observed movement [Observed 395 
movement: F(1,28)=19.93, p<0.0005]. Post-hoc comparisons showed that similarly to the 396 
MEP data, the observed movement influenced the evoked ones. Specifically, the 397 
percentage of closing movements decreased when participants observed opening actions 398 
rather than closing ones, regardless of the displayed effector and the experiments [Effector 399 
x Observed Movement: F(1,28)=0.41636, p=n.s.; Effector x Observed Movement x 400 
Experiment: F(1,28)=0.19745, p=n.s.; Observed Movement x Experiment; 401 
F(1,28)=0.41636, p=n.s.].  402 
Moreover, the following RM-ANOVA, run exclusively on the homologue effector, indicated 403 
that the percentage reduction of closing movements during observation of opening action 404 
was equally present in the two experiments [Observed Movement: F(1,28)=15.066, 405 
p<0.001; Observed Movement x Experiment: F(1,28)=1.7237, p=n.s.]. Accordingly, a 406 
partially similar result was found for the different effector in the two experiments [Observed 407 
movement: F(1,28)=14.792, p<0.001; Observed Movement x Experiment: F(1,28)=4.1256, 408 
p=0.052]. This nearly significant tendency observed in the interaction for the different 409 
effector, has been clarified in the following analyses on TMS-evoked movement deviation. 410 
 411 
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 415 
TMS-evoked movement deviation 416 
  
Movement deviation of evoked closing and opening movements did not change 417 
significantly at B1 and B2 in both experiments [Time: F(1,28)=0.074, p=n.s.; Experiment x 418 
Time: F(1,28)=0.008, p=n.s. for opening movements; Time: F(1,28)=1.795, p=n.s.; 419 
Experiment x Time: F(1,28)=0.298, p=n.s. for closing movements].Consequently, there 420 
was no difference during the experiment and between groups.  421 
The 2 x 2 x 2 ANOVA on evoked closing movements did not highlight any significant effect 422 
or interactions (all p=ns; Figure 4b). Importantly, the analyses on the evoked opening 423 
movement, revealed a main effect of the Observed Movement [F(1,28)=16.308, p<0.0005] 424 
and a significant interaction Observed Movement x Experiment: [F(1,28)=13.100, p<0.005] 425 
regardless of the observed Effectors [Effector x Observed Movement x Experiment: 426 
[F(1,28)= 0.32894, p=n.s]. Newman-Keuls tests proved that movement deviation was 427 
higher during the observation of closing action in Experiment 1 (p<0.0005) but not in 428 
Experiment 2. The same pattern of results was obtained after including the number of trials 429 
for each condition as covariate (Number of evoked opening movement: Homologue 430 
Effector observed Opening = 6.9 ± 5.1; Homologue Effectors observed Closing = 4.7 ± 4.5; 431 
Different Effector observed Opening = 6.3 ± 5.1; Different Effector observed Closing = 4.4 432 
± 4.3;/ Number of evoked closing movement: Homologue Effector observed Opening = 7.4 433 
± 5.2; Homologue Effectors observed closing = 9.6 ± 4.6; Different Effector observed 434 
Opening = 8.2 ± 5.2; Different Effector observed Closing = 10.2 ± 4.6). The main effect of 435 
the Observed Movement [F(1,24)=15.235, p<0.001] and the significant interaction 436 
Observed Movement x Experiment: [F(1,24)=10.04, p<0.005] which was independent of 437 
the observed Effectors [Effector x Observed Movement x Experiment: F(1,24)=0.95854, 438 
p=n.s.] did not further interact with our covariates (all p=n.s.). Crucially, these analyses 439 
ruled out the possibility that our results might be biased by the different sample sizes of the 440 
trials. 441 
  
The RM-ANOVA run on the homologue effector showed that an increase of opening 442 
movement deviation during closing AO was equally present in the two experiments 443 
[Observed Movement: F(1,28)=9.02, p<0.01; and no interaction Observed Movement x 444 
Experiment: F(1,28)=4.02, p=n.s.]. The qualitatively larger effect found in the hand in 445 
Experiment 1 as opposed to hand in Experiment 2 might be explained by the fact that two 446 
different groups participated in each experiment. More importantly, the significantly 447 
consistent result across two independent groups adds strength to these measurements. In 448 
contrast, the same analysis run on the different effectors revealed a significant interaction 449 
between Observed Movement and Experiment [F(1,28)=6.18, p<0.05], indicating that AO 450 
was able to influence evoked movement deviation only when the observed effector was 451 
the mouth (p<0.05), but not the eyelid (p=n.s.; Figure 4a). 452 
  453 
------------ 454 
FIGURE 5 455 
------------ 456 
 457 
Discussion 458 
The present study suggests that the CSE of a muscle involved in hand closing is able to 459 
replicate the pattern of muscle contraction in the observed action, in agreement with 460 
previous studies (Naish et al., 2014). Remarkably, the specific motor resonance effect 461 
generalized to other effectors (the mouth and the eyelid), supporting the claim that motor 462 
activations, during AO, map complex action features like “opening” or “closing”, regardless 463 
of the involved effector. An important point is that the TMS-evoked movement data 464 
displayed a different pattern. TMS-evoked movement deviation (Classen et al. 1998; 465 
Stefan et al. 2005) showed no generalization to the eyelid. A more extensive discussion of 466 
  
these findings is given below in the frame of their potential implication in the debate on the 467 
level of detail simulated by the human mirror mechanism. 468 
 469 
Different AO generalization between CSE and TMS-evoked movements 470 
A first result regards the effector-independent enhancement of flexor muscle CSE. Our 471 
data indicate specific cross-effector generalization for the observation of an intransitive 472 
closing movement as opposed to the opening one. CSE generalization across effectors 473 
was previously shown between hand and foot for transitive AO (Cattaneo et al. 2010; 474 
Senna et al. 2014). Accordingly, a neuroimaging study reported greater generalization of 475 
the putative mirror neuron brain network, to transitive robotic grasping actions (Gazzola et 476 
al. 2007). Analogous results were described in a behavioral study investigating the 477 
automatic imitation transfer across hand and mouth. During the execution of hand or 478 
mouth opening or closing actions, a movement compatibility effect, due to task irrelevant 479 
hand or mouth action images, was observed for both effectors. However, the transfer 480 
effect was smaller when the task irrelevant stimulus and the response effectors were 481 
incompatible (Leighton, Heyes 2010).  482 
Our investigation extends these findings to intransitive actions and to effectors that do not 483 
allow transitive actions. Indeed, eyelid action is critically different from that allowed by the 484 
hand or mouth as it cannot achieve any grasping, displacing or tapping of any object (as is 485 
the case for hand and foot action used by Senna et al. 2014). Motor activations elicited by 486 
mouth or eyelid AO might have exerted a facilitatory drive towards hand motor neurons. 487 
Interestingly, this cross-effector functional connectivity maintains its specificity, suggesting 488 
that it is mediated by lateral connections, which preserve the same pattern of agonist-489 
antagonist mapping. Therefore, our results show that CSE maps general features such as 490 
“opening” versus “closing” of any effector. 491 
  
A second important finding is that, when considering TMS-evoked movement deviation, we 492 
noticed differences among observed effectors, which were not present in CSE modulation. 493 
This result suggests that the motor system would extract various levels of action 494 
representation. Accordingly, recent studies suggest that during AO two interacting 495 
processes extract kinematic or object-directed action features, following a temporal 496 
gradient (Cavallo et al. 2013), or depending on task constraint (McCabe et al. 2014). 497 
However, the dissociation found between CSE and TMS-evoked movements, also 498 
suggests that the very existence of two processes may actually depend on the specific 499 
limitations associated to evaluating CSE from a few muscles. In fact, we demonstrate here 500 
that two classical measurements, of the same corticospinal phenomenon, can dissociate in 501 
this respect. Notably, MEPs were pooled together as it is typically done in all other studies 502 
investigating CSE during AO, notwithstanding the fact that MEPs could be associated to 503 
very different evoked movements, as it has been shown here. 504 
 505 
Difference between CSE and TMS-evoked movements 506 
Movement emerges from the spatio-temporal composition of several muscle activities. 507 
Opening and closing hand action is accomplished by a combination of intrinsic and 508 
forearm muscles activities. However, forearm muscles have higher thresholds and their 509 
representations are not necessarily co-located with intrinsic hand muscles. Thus, even if 510 
measuring CSE from all these muscles is in principle the same as measuring TMS-evoked 511 
movements, it is impractical. It is known that in order to assess CSE from several muscles, 512 
it is necessary to raise TMS intensities. However, high TMS intensities may saturate CSE 513 
for some muscles (Devanne et al., 1997) and consequently in this case, mirror-like 514 
modulations may disappear (Loporto et al., 2013). 515 
In addition, the same stimulation can be supra-threshold for some units and sub-threshold 516 
for others. Particularly, sub-threshold TMS still have an important effect on local facilitatory 517 
  
and inhibitory circuits, even though this is not visible in the EMG responses via single 518 
pulse TMS (Kujirai et al., 1993). Thus, CSE modulations from few selected muscles cannot 519 
account for the complexity of local intracortical and corticospinal effects, triggered by AO. 520 
TMS-evoked movement direction, instead, shows the composition of a variable amount of 521 
EMG activity induced in several muscles, as well as the local sub-threshold effects 522 
(Classen et al., 1998). Significant TMS-evoked movement rotations highlight the balance 523 
of excitatory/inhibitory interactions of all synergistic muscles for which the same TMS pulse 524 
may be supra- or sub-threshold. Indeed, TMS-evoked movements are a very compact 525 
description of how the complex synergistic intracortical interactions are modulated by 526 
specific experimental manipulations. 527 
Synergies are invariant patterns of activation across muscles that could be linearly 528 
summed, with specific amplitude and timing coefficients, to generate hand functions 529 
(Overduin et al. 2008; Santello et al. 2013). Convergent validation of this idea came also 530 
from the electrical stimulation of the monkey motor cortex (Overduin et al. 2012), as well 531 
as the magnetic stimulation of the human motor areas (Gentner and Classen 2006; 532 
Gentner et al. 2010). Therefore, CSE from a limited set of muscles may show only part of 533 
the complexity of these motor activities during AO (D’Ausilio et al. 2015). Rather, the 534 
complex synergistic pattern of muscle activities, triggered by AO, could be better 535 
investigated via the recording of the TMS-evoked hand kinematics (Barchiesi and 536 
Cattaneo, 2013; Bartoli et al. 2014). However, we should keep in mind that AO modulate 537 
TMS-evoked movement deviations less than actual physical practice (Stefan et al., 2005). 538 
In our case, we were interested in the instantaneous changes induced by the observation 539 
of a single action event, to investigate the properties of the motor coding of AO, rather than 540 
its plasticity. 541 
 542 
Anatomo-functional differences between the actions of different effectors 543 
  
Our findings indicate a different degree of generalization among effectors during AO, 544 
suggesting a stronger functional similarity between hand and mouth as compared to hand 545 
and eyelid. Indeed, hand and mouth movements can be synergistically programmed to 546 
achieve similar object-directed actions (e.g. grasping an object), in contrast with eyelid 547 
movements. Such a functional connection is supported by the presence of a class of 548 
neurons representing both hand and mouth actions in monkey’s ventral premotor areas 549 
(Rizzolatti et al. 1988). Furthermore, human behavioral (Castiello 1997; Gentilucci et al. 550 
2001) and neurophysiological data (Castiello et al. 2000) showed that mouth and hand 551 
action might share similar motor synergies.  552 
The difference between mouth and eyelid effects could also be ascribed to their different 553 
neural organization and/or distance to the hand motor representation. The motor 554 
representation of the mouth lies ventrally to the hand, and is well characterized. Tongue 555 
and lips (Orbicularis Oris) corticobulbar excitability threshold is much higher than the hand 556 
(>60% of the stimulator output instead of 30-46% for the hand) and consequently it is very 557 
unlikely that stimulation of the hand area could directly affect the lower face area (Paradiso 558 
et al., 2005; Fadiga et al., 2002; D’Ausilio et al., 2011; D’Ausilio et al., 2014). 559 
Eyelid voluntary control is less known. Conditioned eyelid responses are mediated by a 560 
cerebellum, red nucleus, facial motoneuron pathway (Morcuende, et al., 2002). Clinical 561 
studies on humans revealed a dissociation between voluntary and involuntary eyelid 562 
control and effectively only the former is impaired with lesions of frontal cortical areas 563 
and/or the corticospinal system (Esteban, et al., 2004). In agreement with that, TMS 564 
stimulation of the motor cortex demonstrated projection to the contralateral orbicularis oculi 565 
muscle, which is recruited during eyelid closing (Paradiso et al., 2005). Data obtained by 566 
positron emission tomography (PET) imaging have also shown that voluntary eyelid 567 
control activate the right Supplementary Motor Area (SMA), left preSMA, right angular 568 
  
gyrus and the left primary motor cortex (Suzuki, Kiyosawa, Mochizuki, Ishiwata, Ishii, 569 
2010).  570 
Brain metabolic activity found in the primary motor strip seems to be located very close to 571 
that of the hand (eyelid MNI coordinates: -44, -12, 50; Suzuki et al., 2010). Intrinsic hand 572 
muscles are located on average (First Dorsal Interosseous MNI coordinates: -37, -25, 58; 573 
Niyazov, Butler, Kadah, Epstein, Hu, 2005) closer to the eyelid than to the face area 574 
(Orbicularis Oris MNI coordinates: −55.4, −9.2, 43.9; tongue MNI coordinates: −59.4, −7.4, 575 
22.8; Schomers et al., 2014). This might potentially exclude the pattern of effects observed 576 
on TMS-evoked movements to be explained by the distance on the lateral cortical surface. 577 
This would argue in favor of a differential cross-effector wiring of agonist-antagonist 578 
synergies, depending on the action potentiality of the effector. Eyelid action does not allow 579 
transitive action and thus may not share the same pattern of lateral synergistic 580 
connectivity. To the best of our knowledge, current available literature on voluntary control 581 
of eyelid movements is too limited and we cannot exclude that the eyelid motor 582 
representation is smaller or less excitable than the mouth area. 583 
 584 
Anatomo-functional differences between the opening and closing actions 585 
An additional difference between opening and closing action emerged in the movement 586 
deviation data. Hand closing movements were not affected by AO, whereas opening 587 
movements were significantly deviated during the observation of closing actions. Although 588 
TMS-evoked hand opening and closing showed equal probability at rest (in line with 589 
Gentner and Classen 2006), the two movements revealed a different degree of robustness 590 
to AO modulations.  591 
This could be due to the differences in the neural control of opening and closing hand 592 
actions. Flexion-based movements, like grasping objects, are more frequently executed 593 
and require finer force control and independence than extension movements (Schieber 594 
  
1991; Oliveira et al. 2008; Yu et al. 2010). The corticospinal control of each muscle group 595 
is also quite different. Human TMS studies suggest stronger monosynaptic connections to 596 
wrist and finger extensors than flexors (Maertens de Noordhout et al. 1999), in agreement 597 
with nonhuman primate models reporting differences in the cortico-motoneuronal 598 
connections to forearm muscles. These differences include stronger facilitation in 599 
extensors and stronger suppression in wrist flexors (Park et al. 2004). However, stronger 600 
facilitatory drive does not imply greater descending control of extensors. Indeed, in line 601 
with this evidence, Fetz and Cheney (1980) proposed that flexor motoneurons might 602 
receive more important contribution from other descending systems, to achieve greater 603 
cortical inhibitory control of hand closing than opening.  604 
Differences in the neural control of hand opening and closing may have been interacting 605 
with other important and yet unexplored aspects. One of them refers to the difference 606 
between action observation and action execution. Indeed, it is still a matter of debate 607 
whether the AO brain network shares only part of the action execution network or the 608 
same network but activated to a lower extent (Waldert et al., 2015). As a consequence, it 609 
is difficult to ascertain whether AO modulates only the corticospinal excitability or its 610 
effects extend to other descending paths.  611 
In parallel, it is essential to note that TMS activates exclusively the corticospinal tract and 612 
the latency of our movement data suggests a fundamental corticospinal origin. In 613 
consequence, the specific pattern of hand movement deviation that we found could be 614 
driven by the specificity of the AO network and/or the limited capability of TMS to measure 615 
all contributions to movement organization. However, further investigations are needed to 616 
confirm each of these hypotheses. 617 
 618 
Conclusions 619 
  
In conclusion, classical CSE on a few muscles alone is not sufficient to show the whole 620 
hand synergistic motor resonance, which was instead better quantified in TMS-evoked 621 
movements. In fact, our results provide some initial support for the hypothesis that the 622 
observation of actions may elicit sub-threshold activation of motor cortical synergies. 623 
According to a synergistic organization of action, the potentiality for goal-directedness of a 624 
given effector seems to be critical in modulating cortical activities during AO. 625 
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Legends 634 
 635 
Figure 1. Experimental design. In the upper panel the procedure of the two experiments 636 
is detailed (a). In both experiments a first baseline recording (B1) during which subjects 637 
were at rest was followed by an experimental session (EXP) during which participants 638 
observed videos clips, and by a second baseline recording (B2). The pictures in the lower 639 
panel show frames from each video clip representing the experimental stimuli for the first 640 
(on the left) and the second experiment (on the right) (b). Opening and closing actions 641 
performed by the Homologue (hand for both groups) and Different effectors (mouth for 642 
group 1 and eyelid for group 2). 643 
 644 
Figure 2. Experimental recording of the TMS evoked effects and dependent 645 
variables. The upper panel shows the experimental set-up (a) used to measure the TMS-646 
evoked movement and the Motor Evoked Potentials (MEPs). The acceleration 647 
components recorded with the accelerometer in a representative subject are depicted for 648 
each trial (thin lines), and for the averaged value (thick line) for the z (in green), x (in 649 
purple) components and for the module (in black). Single trials (thin lines) and averaged 650 
(thick line) values of the MEPs are instead represented on the right part of the same panel. 651 
The central picture shows the set up to record accelerometer data and electromyography 652 
of the right flexor digitorum superficialis (FDS) muscle. The lower panel (b) shows the 653 
TMS-evoked movement parameters. Opening or closing movement direction is derived 654 
from the positive or negative values of the z-component respectively. Movement deviation 655 
expresses the angular displacement of the finger on the frontal axis (abduction/adduction 656 
movement) during the opening or closing motion (dotted line). This angle is expressed with 657 
respect to the ideal opening or closing movement (continuous line). Higher movement 658 
deviation results in greater contribution of the abduction/adduction component. 659 
  
 660 
Figure 3. Effect of opening and closing AO on motor evoked potentials. The upper 661 
panel shows the modulation of the MEP amplitude ratio (condition/average baseline) due 662 
to the observation of opening (light gray) and closing (dark gray) movements of the 663 
Homologue effector and the Different effector. The lower panel shows the same data when 664 
the Homologue and Different effectors of the two experiments are separated. Error bars 665 
denote the standard error (S.E.). 666 
 667 
Figure 4. Effect of AO on the movement direction. Changes in movement direction (% 668 
of closing movements) for opening (a) and closing (b) AO, considering the Homologue and 669 
Different effectors (upper panels) and by separating the Homologue and Different effectors 670 
of the two experiments (lower panels). Bars represent the mean angles (± S.E.) of the 671 
movement deviation. 672 
 673 
Figure 5. Effect of AO on the movement deviation. Changes in movement deviation for 674 
opening (a) and closing (b) motion during AO, considering the Homologue and Different 675 
effectors (upper panels) and by separating the Homologue and Different effectors of the 676 
two experiments (lower panels). Bars represent the mean angles (± S.E.) of the movement 677 
deviation. 678 
  679 
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